The membrane potential of olfactory
Abstract
The membrane potential of olfactory bulb synaptosomal fractions was monitored with the lipophilic cation tetraphenylphosphonium (TPP+), which has been reported to distribute across membranes according to the Nernst equation. The properties of the synaptosomal membrane potential as monitored with TPP' were similar to those reported for neural tissues using other measurement techniques. There is an electrical potential (A*) of -64 and -77 mV in the PI and Pa synaptosomal fractions, respectively. This potential is due primarily to the K+ diffusion gradient across the synaptosomal membrane. The influence of ouabain on TPP+ accumulation indicates that the (Na',K')-ATPase electrogenicity contributes about -20 mV to the resting synaptosomal membrane potential. Veratridine induced a decline in TPP' accumulation which was blocked by tetrodotoxin or by the omission of Na+ from the medium.
A significant mitochondrial contribution to TPP' accumulation, which varied as a complex function of TPP' concentration in the medium in a manner indicating that TPP' interfered with the maintenance of mitochondrial potential, was observed. This mitochondrial contribution could be eliminated by performing the experiments anaerobically in the presence of oligomycin. The results are discussed with relation to the future possible use of TPP' for A+ measurements in synaptosomal preparations.
Nerve endings (synaptosomes), prepared by homogenization of brain tissue under conditions of moderate shear (for review, see Whittaker, 1969) , are an important in vitro system for the study of processes associated with binding, uptake, metabolism, and release of neurotransmitters (Cotman et al., 1976 ; for review, see Baldessarini and Karobath, 1973; Levi and Raiteri, 1976) . Such preparations have been shown to retain many of the metabolic (Bradford, 1969 (Bradford, , 1975 , osmotic (White and Keen, 1979; Keen and White, 1971) , and morphological properties of the neural tissue of origin and to contain one or more mitochondria (Whittaker, 1969) . In addition, synapto- somes possess extremely active ion transport systems (Li and White, 1977) which maintain selective distribution of Na+, K', and Cl-across the synaptosomal membrane (Campbell, 1976 ).
An important question that has to be addressed is: do synaptosomes maintain a Aqk4 which regulates and is regulated by other components in a normal manner so as to provide a model system to study neuronal function? However, measurement of changes in synaptosomal membrane potential (A*) associated with the above processes cannot be performed by direct electrophysiological techniques.
Evaluation of the synaptosomal plasma membrane A* by monitoring changes in cyanine dye fluorescence (Blaustein and Goldring, 1975; Ng and Howard, 1978; Sen and Cooper, 1978) based on the Na+, K+, and Cl-distribution across the synaptosomal membrane (Campbell, 1976) or the diffusion potential of Rb ' (Scott and Nicholls, 1979, 1980) each suffer from different problems (Sims et al., 1974; Simons, 1976; Kinnally and Tedeschi, 1977; Krasne, 1977; Montecucco et al., 1979; Hansson et al., 1980) . The radioactive permeant lipophilic cations, such as methyltriphenylphosphonium (TPMP+) and tetraphenylphosphonium (TPP+), have been used to measure membrane potential in mitochondria (Grinius et al., 1970) , in bacteria and bacterial vesicles (H. R. Kaback, personal communication), and recently also in intrasynaptosomal mitochondria (Scott and Nicholls, 1979, 1980) , neuroblastoma glioma hybrid cells (Lichtstein et al., 1979) , and guinea pig synaptosomes (Ramos et al., 1979; Creveling et al., 1980) .
In the present paper, we have evaluated critically the utility of ["H]TPP+ for studying the membrane potential properties of mammalian synaptosomal preparations. In particular, we have studied preparations from rat olfactory bulbs. This is a brain area rich in dendrodendritic synapses (Shepherd, 1977; Kornguth et al., 1979; Quinn and Cagan, 1980) and about which we have recently learned a great deal regarding the occurrence and distribution of neurotransmitters and neurotransmitter-related biochemistry (Nadi et al., 1980a, b ; for reviews, see Margolis, 1974 Margolis, , 1981 (36 Ci/mmol) obtained from New England Nuclear and unlabeled L-histidine using the method of Hirsch et al. (1978) described previously. All other chemicals used were of analytical grade.
Olfactory bulbs were obtained from inbred WKY rats raised in a germ-free colony at Hoffmann-La Roche, Inc. (Nutley, NJ). Two-to 3-month-old female rats were sacrificed by exsanguination following CO2 asphyxiation, and the olfactory bulbs were removed rapidly and placed on ice.
Synaptosomal preparation.
Olfactory bulbs were homogenized (according to Hajos et al., 1974; as adapted by Keller, 1975) in 10 vol of 0.32 M sucrose, 1 mM MgS04, and 5 mM HEPES/Tris (pH 7.4) by 50 strokes with a Dounce homogenizer (Kontes) (Ho) followed by sequential filtration through l,OOO-, 210-, and 70-mm mesh nylon bolting cloth (HI), with subsequent centrifugation at 1,000 x g for 1 min to yield a pellet (P,) and a supernatant (So). So was recentrifuged at 1,000 x g for 10 min to give pellet P1 and supernatant &. S1 then was centrifuged at 14,500 x g for 20 min to give pellet PP and final supernatant Sz. The pellets were resuspended gently in 1 ml of homogenization medium for each gram of starting material.
Synaptosomal characterization.
Synaptosomal fractions were prepared for electron microscopy according to a modification of the method of Cotman and Flansburg (1970) by fixation with 1% osmium tetroxide in Beem capsules, dehydration with increasing concentrations of acetone, and embedding in Epon 812. Embedded pellets (1 mm thick) were sectioned in a plane perpendicular to the axis of centrifugation in order to be able to evaluate all of the components of the fraction.
To monitor the distribution of newly synthesized carnosine in the synaptosomal fractions, animals were subjected to intranasal lavage with 25 PCi of p-[ 1-14C]alanine on the evening before death. The synaptosomal ['"Clcarnosine content was determined as described previously by Margolis and Grill0 (1977) . Carnosine was determined chemically as the fluorescent 2-methoxy-2,4-diphenyl-3(2H)-furanone (MDPF) derivative essentially as previously described (Wideman et al., 1978) but using an isocratic rather than stepwise elution procedure. Glutamate decarboxylase activity was monitored as the release of 14C02 from [l-'4C]glutamate according to Baxter (1972) as modified by Margolis et al. (1974) . Tyrosine hydroxylase activity was evaluated by monitoring the formation of C3H]Hz0, resulting from hydroxylation of 3,5-["Hltyrosine as discussed by Nadi et al. (1980b) .
Binding sites for the ligands spiroperidol @PI), dihydromorphine (DHM), quinuclidinyl benzilate (QNB), diazepam (DZ), muscimol, and carnosine were assayed as previously described by Nadi et al. (1980a) .
DNA content was determined according to Burton (1956) , and proteins were estimated by the dye binding method of Sedmak and Grossberg (1977) with bovine serum albumin as the standard. Insoluble proteins were dissolved in a small volume of formic acid and diluted for assay so that the final concentration of formic acid in the reaction mixture was 1%.
~H]wP+ accumulation.
Synaptosomal fractions P, and Pz were resuspended individually in homogenization medium and 10-d aliquots containing 50 to 120 pg of protein were incubated at 37°C for 5 min in 200 ~1 of either low K' medium (121.5 mM NaCl + 5 mM KCl), high Kf medium (121.5 mM KC1 + 5 mM NaCl), or choline medium (121.5 mM choline chloride + 5 mM KCl). In addition, all of the incubation media contained 0.25 PCi of 5 PM [3H]TPP+, 0.8 mM MgS04, 1.8 mM CaC12, 1 mM sodium phosphate, 5.5 mM glucose, and 45 mM HEPES buffered with Tris base to pH 7.4. All incubations were in air unless otherwise indicated. Alterations in incubation time, additives, and composition of the medium will be specified as appropriate. Incubation was stopped by the addition of 2.5 ml of cold 0.8 M NaCl and immediate rapid vacuum filtration through Millipore fil-1182 Rachel et al. Vol. 1, No. 10, Oct. 1981 ters (EHWP cellotate) followed by an additional wash with 2.5 ml of 0.8 M NaCl. The total filtration time for each sample was less than 20 sec. The filters then were dried at 50°C for 30 min and the radioactivity was determined in a liquid scintillation spectrometer in the presence of 10 ml of Hydrofluor (National Diagnostics, Parsippany, NJ).
Synaptosomal volume. The internal synaptosomal volume was evaluated using [methoxy-'4C]inulin as an indicator of the external volume and [3H]H20 as an indicator of the total volume, basically according to the procedure described by Schuldiner and Kaback (1975) . The synaptosomal volume is defined as the calculated difference between the total volume and the external volume.
An aliquot of synaptosomal suspension (30 ~1, 500 pg of protein) was added to 470 ~1 of the same buffer composition as in the various TPP+ accumulation studies but which contained in addition 0.5 &i of ["H]HzO and 0.05 PCi of [14C]inulin. After rapid mixing, the samples were centrifuged immediately for 30 set at about 15,000 x g in an Eppendorf Microfuge. An aliquot of supernatant was taken from each tube for the determination of the contents of 3H and 14C to evaluate the total input. After removal of the balance of the supernatant by aspiration, the pellet was dissolved in 0.5 ml of 1% sodium dodecyl sulfate at room temperature overnight, transferred quantitatively to scintillation vials with 1 ml of HZO, and counted in 10 ml of Hydrofluor with the appropriate standards. Internal synaptosomal volumes of 6.6 + 0.53 SD pl/mg of protein for PI and 5.5 + 0.51 SD pl/ mg of protein for Pz were obtained. No significant variation in volumes was observed under isotonic conditions with changes in K' concentrations and drug additions.
Calculation of r3HJTPP' gradient and A*. The transmembrane potential (AhQ) of the synaptosomes was calculated based on the distribution of ["HITPP' according to adaptation of the Nernst equation: ) which at 37°C simplifies to:
where:
This correction (equation 3) is based on the assumption that the accumulation of [3H]TPP+ in the presence of depolarizing concentrations of extracellular potassium (122 mM) is not due to the synaptosomal membrane potential as discussed by Lichtstein et al. (1979) . The ratio:
Equations 4 and 2 were the basic equations used in this study to calculate the [3H]TPP+ gradient and membrane potential, respectively. Certain modifications of these equations have been derived in the text in order to adapt them to the specific problems of A9 quantitation in olfactory bulb synaptosomes.
Results
Synaptosomal fraction characterization. The olfactory bulb synaptosomal fractions have been characterized both morphologically and biochemically.
Electron microscopic observations ( Fig. 1 ) indicated that fraction PO consists primarily of nuclei and unbroken cells. Fraction PI contains multisynaptosomal particles, occasional nuclei, and some unidentified membranes. Fraction Pz contains primarily individual synaptosomes as identified by their content of internal mitochondria, synaptic vesicles, and postsynaptic densities, as well as some unidentified particles and occasional free mitochondria.
The distribution of DNA in the various homogenate subfractions (Table I ) supports the conclusion obtained from the electron microscopic study that most of the nuclei in the original homogenate (Ho) are removed into the PO fraction since only a small amount of the homogenate DNA is observed in the PI fraction, and no DNA could be detected in the Pz or S2 fractions. The distribution of the activity of the neurotransmitter-synthesizing enzymes, glutamate decarboxylase (GAD) and tyrosine hydroxylase (TH) ( Table I ), shows that about 75% of GAD and 44% of TH activities are associated with the particulate fractions. Their distribution among PO, P1, and Pz is uniform. Carnosine (P-alanyl-L-histidine) is specifically associated with olfactory neuron terminals in the bulb (Margolis et al., 1974; Margolis, 1974; Ferriero and Margolis, 1975; Hirsch and Margolis, 1979; Nadi et al., 1980a) . The distribution pattern of this dipeptide among the particulate fractions is very similar whether measured chemically or as newly synthesized [14C]carnosine (Table I) . Much more of the dipeptide carnosine is present in the final supernatant than is seen for either of the two enzyme activities studied.
The distribution of ligand binding sites (Table II) among the olfactory bulb homogenate subfractions shows that the fractions can be differentiated according to their binding site compositions. Spiroperidol and carnosine binding are enriched in PI, while QNB binding is highest in Pz. Muscimol, DHM, and DZ binding distribute similarly among the PO, P1, and Pa fractions. Thus, fractions PI and PP share many basic synaptosomal characteristics, such as neurotransmitter binding sites, carnosine content, GAD and TH activity, and some morphological properties, while they differ from one another in the morphological appearance of multi-versus monosynaptosomal particles and in the distribution of certain neurotransmitter binding sites. These may serve as an indicator of the area of origin of P1 and Pz particles in the olfactory bulb which, together with the resting membrane potential properties (to be described next), will facilitate further in vitro study of olfactory bulb function.
TPP' accumulation in synaptosomes. When the olfactory bulb synaptosomal fractions PI and Pz were incubated in low K+ medium with 5 pM TPP+, accumulation of this cation was rapid for the fust 2 min (80% of maximum) and achieved steady state levels by 5 min (see below) which were maintained for 1 hr. Influence of pH on the accumulation of TPP'. The internal pH of nerve cells was reported to be 6.7 to 7.1 (Arieff et al., 1976; Sundt and Anderson, 1980) , while the external pH value of body fluids is about 7.4. It is possible that a change in one of these values could cause a change in the polarity of the plasma membrane and subsequently in the accumulation of the cation TPP+. TPP' uptake was independent-of external pH in the range 7 to 7.6 (Table III) . Since TPP+ uptake declined outside of this range, it is clear that the optimum external pH for maintaining A* in the synaptosomes is near that of normal extracellular pH.
Influence of potassium concentration on membrane potential and mitochondrial contribution. Intrasynaptosomal mitochondria might be expected to accumulate TPP+ in a cascade fashion as a function of the cytoplasmic TPP' concentration, thus contributing to the total observed synaptosomal content of TPP'. An indication of the mitochondrial contribution is the observation that A\k values decline in the presence of oligomycin/argon. Thus, the mitochondrial proton electrochemical gradient complicates the determination of A9 with TPP+. The effect of varying external potassium concentrations on the plasma membrane potential of rat olfactory bulb synaptosomal fractions therefore was evaluated in the absence.and presence of oligomycin/argon (Fig. 2) . The membrane potentials observed in the presence of 5 mM external K+ under oligomycin/argon are -64 mV for P, and -77 mV for PZ and are in good agreement with values reported in nervous tissue by various methods, while the A\k values observed in air are higher, -86 mV for P1 and -98 mV for PB, respectively. The decline in A* in response to increasing external K' either in the presence or in the absence of oligomycin/argon (Fig. 2) demonstrates the dependence of the membrane potential on the external potassium concentration, with limiting slopes somewhat smaller than the expected value of 61.5, assuming:
The experimental data deviate from the Nernst equation above at concentrations of external K+ below 10 mu, indicating the presence of an additional small contribution to the synaptosomal A\k, possibly from Na+ conductance. In order to evaluate more carefully the contribution of the mitochondrial potential to the accumulation of ["HITPP' into the synaptosomal fractions, the calculated A\k values obtained in the absence of oligomycin/argon were compared with the A* values obtained in the presence of oligomycin/argon by linear regression analysis (Fig. 3) (Ulbricht, 1969; Catterall and Nirenberg, 1973; Li and White, 1977) . Veratridine lation in the absence of oligomycin/argon, although not caused a dose-dependent reduction of TPP+ accumulaquantitatively measuring the synaptosomal potential due tion into both P1 and Pp fractions suspended in low K+ to the presence of a mitochondrial contribution (which medium (Fig. 5) . This resulted in a progressive fall in the in this case represents about -25 mV), nevertheless can [3H]TPP+ concentration gradient ([TPP']iJ[TPP']"",) reflect changes in synaptosomal plasma membrane po-to about 50% of control at a concentration of 50 pM tential as long as mitochondrial potential changes are not veratridine and 25% of control at 100 pM. This decrease involved. Consistent with this conclusion is the observa-in TPP' accumulation in the presence of veratridine is tion of a constant value for the mitochondrial contribuconsistent with veratridine acting as a depolarizing agent tion to total apparent synaptosomal A* (factor a), ex-in our system. Based on these data, veratridine concenpressed as the differences between the A\k pairs over a trations of 50 or 100 pM have been chosen for use in wide range of plasma membrane potentials and external subsequent experiments where competition or activity potassium concentrations.
with other drugs was monitored. Time course of the effect of (Na',K")-ATPase blocker ouabain on TPP' accumulation. The cardiac glycoside drug ouabain is a specific inhibitor of (Na',K')-ATPase (Baker, 1965; Schatzmann, 1965; Smith and Haber, 1973; Dahl and Hokin, 1974; Glynn and Karlish, 1975; Wallick et al., 1979) and was reported to have no effect on mitochondrial ATPase or mitochondrial A* (Scott and Nicholls, 1980) . Thus, its effect on TPP' accumulation was studied in order to evaluate (Na',K')-ATPase contribution to the resting synaptosomal A*.
Two aspects of ouabain on [3H]TPP' accumulation in P, and Pp fractions were observed (Fig. 4) . The first was a rapid effect in which ouabain added after TPP' accumulation had achieved a steady state and caused a very rapid release of 50% of the TPP'. The second was a slowly developing effect, which became obvious after 20 min and almost completely eliminated TPP' accumulation by 1 hr after ouabain addition. When ouabain and TPP+ are added to the synaptosomal fractions simultaneously, the extent of initial TPP' accumulation is reduced but not totally blocked. '
Influence of A*-modifying drugs on TPP' accumulation and A\k. In order to characterize further the mechanisms involved in the determination of synaptosomal A\k, we studied the effects of A*-modifying drugs on TPP' accumulation in high and low potassium media in the presence or absence of oligomycin/argon. The specificity of this approach is derived from our previous experiments (Fig. 2) . Incubation of synaptosomes in the presence of oligomycin/argon reduces the TPP' accumulation in both high and low K' media (Fig. 6 ). This indeed indicates that there is TPP' accumulation in mitochondria which is dependent upon the state of the mitochondria. These mitochondria continue to accumulate TPP' even in the presence of high K' in the medium. As indicated before, the cascade accumulation of TPP' into mitochondria leads to a higher apparent A* in air than in oligomycin/argon.
The effect of increasing concentrations of veratridine on TPP' accumulation. The neurotoxic alkaloid veratVeratridine is without effect on TPP' accumulation in the presence of high K' and oligomycin/argon (i.e., under conditions where neither synaptosomal nor mitochondrial A\k exists). However, in the presence of low K' medium, veratridine causes the same proportional loss in TIME (mid In panel C (fraction PI) and panel D (fraction Pz), effects of olieomvcin (10 se/ml). ouabain (10 mM). and CCCP (10 pM) were compared. Open bars, no CCCF; hatched b&i; in the presence of CCCP.
TPP'
in the presence of oligomycin/argon as it causes in air (Fig. 6) . No effect of veratridine is observed when Na+ is replaced with choline'. Tetrodotoxin (TTX) is known to be a specific blocker of action potential sodium channels (Evans, 1972; Narahashi et al., 1964) and, by itself, has no effect on TPP+ accumulation in either high or low K' medium. However, TTX inhibits the effects of veratridine that are seen at low K' both in the presence and in the absence of oligomycin/argon (Fig. 6) . Thus, TTX has no effect on resting A+, but it can prevent the depolarizing effect of veratridine in synaptosomal fractions (Table IV) . Ouabain had no effect on TPP' accumulation at high K', but it reduced TPP+ accumulation in low K' in the presence or in the absence of oligomycin/argon (Figs. 4  and 6 ), indicating that ouabain reduces only the synaptosomal A\k with no direct effect on the mitochondrial A*. The effects of ouabain at saturating levels and veratridine at unsaturating levels were additive. The protonophore CCCP, which is expected to collapse the synaptosomal plasma membrane A\k and the mitochondrial A+, reduced the accumulation of TPP' to very low levels in both high and low K+ media. No further reduction of TPP' accumulation could be detected in the presence of CCCP when oligomycin/argon or ouabain were added alone or in combination (Fig. 6) . The cause of the residual TPP+ accumulation in the presence of CCCP (Table IV) is unknown.
Influence of TPP+ concentrations on TPP' accumulation. Synaptosomal TPP' accumulation was observed to behave as an inverse function of external TPP+ concentration in the range of 0.5 to 100 PM so that increasing external TPP+ resulted in reduction of the apparent A* (Fig. 7) . A possible explanation for this phenomenon may be derived from the following consideration: if one assumes a plasma membrane potential of -66 mV (based on our oligomycin/argon results) and a mitochondrial A* of -120 mV (according to Scott and Nicholls, 1980) , then at 5 pM external TPP', the synaptic cytoplasm would contain about 60 pM TPP', while the concentration of TPP+ in the intrasynaptosomal mitochondria would be about 6 mM. Furthermore, as the external TPP' concentration rises, the TPP+ concentration in the intrasynaptosomal mitochondria also would be expected to rise and finally attain levels such that TPP+ no longer behaves as an inert component in the system. This would lead to collapse of the electrical gradient existing across the mitochondrial membrane.
Thus, as the medium concentrations of TPP' increase, the fraction of intrasynaptosomal TPP+, which is extramitochondrial, increases such that, at external TPP+ concentrations in excess of 50 PM, virtually all of the TPP' accumulation would be extramitochondrial.
To test this hypothesis, the accumulation of TPP' into the synaptosomal fractions was monitored as a function of medium TPP' concentration in the presence and in the absence of oligomycin/argon. However, in the presence of oligomycin/argon, TPP' accumulation was independent of the external TPP+ concentration (Table V) . The mitochondrial A?T/ has been calculated based on (i) the difference in TPP' accumulation in the presence versus the absence of oligomycin/argon (Table V) and (ii) the assumption that the intrasynaptosomal mitochondria represent about 10% of the total internal volume (according to Scott and Nicholls, 1980) . At 1 PM TPP+, the observed mitochondrial A* of -110 mV is in excellent agreement with values reported in the literature (Mitchell and Moyle, 1969) . The mitochondrial content of TPP' does not increase proportionally as the external TPP+ concentration rises, indicating that the mitochondrial A\k declines progressively with increasing TPP+ concentrations (Table V) , presumably due to dissipation of the mitochondria A* by the high internal TPP' concentration.5
Discussion
The data in this paper demonstrate that the plasma membrane potential of olfactory bulb synaptosomal preparations can be quantitated from measurements of the steady state accumulation of the lipophilic cation tetraphenylphosphonium.
However, due to a significant and variable contribution of mitochondrial TPP+ accumulation to total TPP+ accumulation in the synaptosomal preparation, an accurate calculation of plasma membrane A\k can be performed only under certain conditions. A contribution of the mitochondrial potential to total TPP' accumulation was expected (Mitchell and Moyle, 1969; Nicholls, 1974; Rottenberg, 1979) as mitochondria exhibit a negative internal potential. The mitochondrial contribution can be derived by comparing TPP+ accumulation under air versus its accumulation in the presence of oligomycin/argon. If one inserts both the mitochondrial and the plasma membrane potential contribution to TPP' accumulation into the Nernst equation A~,-"~ilomrcin,arpon, = a + A~(+u~lpomrc,n,arp"", where parameter a replaces the mitochondrial contribution factor. Parameter a is constant when the mitochondrial potential and the volume are constant. Under this condition, this equation predicts a linear relationship between A\k(-oligomycin/argon) and A\k(+oligomycin/argo"). This relationship was actually obtained with a slope of 1 as predicted by the equation and gave values of -25 mV for P1 and -22 mV for Ps (Fig. 3) . The mitochondrial accumulation of TPP' decreased as a function of increasing concentration of TPP+ in the range from 0.1 to 200 PM TPP', while no such change was observed in the plasma membrane A\k-dependent accumulation of TPP'. This demonstrates that TPP' itself interferes with the mitochondrial membrane potential under aerobic conditions. Therefore, changes in the plasma membrane potential of olfactory bulb synaptosomes can be evaluated by TPP' accumulation quantitatively in the presence of oligomycin/argon, where the mitochondrial contribution is eliminated, or qualitatively in the absence of oligomytin/argon, if the drug in question does not affect the mitochondrial potential. Our data suggest that a second approach to overcome the mitochondrial contribution to TPP' accumulation is to use high enough TPP' concentrations to block mitochondrial function and subsequent back extrapolation to estimate plasma membrane A* (Fig. 6 ). This is technically much simpler than the oligomycin/argon approach and, in some situations, may be equivalent.
Utilizing this approach, our results for rat olfactory bulb synaptosomes agree with the qualitative evaluation of the lipophilic cation gradients in guinea pig synaptosomes presented by Ramos et al. (1979) The properties of the olfactory bulb synaptosomal plasma membrane potential were found to be similar to those of nerve cells according to the following criteria: (a) there is a negative electrical potential (A*) of -64 mV in P1 and -77 mV in Pz synaptosomes.
(b) These A* values are due primarily to a K' diffusion gradient across the synaptosomal membrane, as indicated by increased depolarization as a result of increasing external concentrations of K+, and no large change when Na+ is replaced by choline+. A correlation of A\k with the logarithm of external K+ concentration resulted in a limiting slope of 50 instead of 61.5 as predicted by the Nernst equation. This difference is similar to that noted previously by Hodgkin and Keynes (1955) for the squid giant axon. The deviation from the linear relationship that was observed for this synaptosomal preparation at external concentrations of K+ below 10 mM was similar to that observed by electrophysiological measurements in other neural cells (Hodgkin and Keynes, 1955; Gorman and Marmor, 1970; Eyzaguirre and Fidone, 1975) and has been attributed to a small sodium permeability. (c) A minor role for the contribution of active sodium transport to A* was expressed in our studies by the depolarization which occurred in the presence of ouabain as well as by the slight hyperpolarization observed when choline replaced Na' in the incubation medium. (d) A role for (Na',K')-ATPase in maintaining the synaptic plasma membrane potential is based on the inhibition of the (Na+,K+)-ATPase by ouabain. Ouabain causes a rapid depolarization with a tip of 30 set without any detectable loss of internal K+, indicating an electrogenic role for the (Na+,K+)-ATPase in synaptosomes which contributes about -10 to -20 mV to the membrane potential. This finding agrees with Gorman and Marmor (1970) and Thomas (1972) , whose studies also suggested an electrogenie role for the (Na',K')-ATPase.
The slow depolarizing effect of ouabain is most likely due to the inability
